Abstract. Life Science research faces the constant challenge of how to effectively handle an ever-growing body of bioinformatics software and online resources. The users and developers of bioinformatics resources have a diverse set of competing demands on how these resources need to be developed and organised. Unfortunately, there does not exist an adequate community-wide framework to integrate such competing demands. The problems that arise from this include unstructured standards development, the emergence of tools that do not meet specific needs of researchers, and often times a communications gap between those who use the tools and those who supply them. This paper presents an overview of the different functions and needs of bioinformatics stakeholders to determine what may be required in a community-wide framework. A Bioinformatics Reference Model is proposed as a basis for such a framework. The reference model outlines the functional relationship between research usage and technical aspects of bioinformatics resources. It separates important functions into multiple structured layers, clarifies how they relate to each other, and highlights the gaps that need to be addressed for progress towards a diverse, manageable, and sustainable body of resources. The relevance of this reference model to the bioscience research community, and its implications in progress for organising our bioinformatics resources, are discussed.
INTRODUCTION
The growth of bioinformatics tools, software and online resources has been at an unprecedented pace, and the importance of such resources in life science research is now beyond dispute [1] [2] [3] [4] . The Bioinformatics Links Directory (http://bioinformatics.ca/links_directory/) featured in the Nucleic Acids Research journal's annual bellwether Web Servers special issue now lists over 1000 web servers hosted in over 35 countries with web-based bioinformatics tools [5] . The equally important Molecular Biology Database Collection from the same journal (http://217.169.56.209/nar/database/c/) as reported in its 2007 update [6] now lists 968 different databases. The growth of such lists is mirrored by the rate of increase in available resources at major international bioinformatics sites such as NCBI (http://www.ncbi.nlm.nih.gov/), EMBL-EBI (http://www.ebi.ac.uk/) and ExPASy (http://expasy.org/). Further demands from the expected data deluge in the near future from major sequencing projects utilising new high-throughput technologies, from the demands for ongoing in-silico analyses, and from the needs for rapid production of outcomes from research. The rate of growth of bioinformatics resources will likely accelerate in the coming years.
The bioinformatics field now faces the important issue of how to organise its resources to efficiently and effectively support life science research. There is a growing body of evidence that better approaches than those currently employed are needed [7] [8] [9] [10] [11] . The main difficulty in making progress on this front is that the development of bioinformatics resources by its nature is faced with competing considerations such as usability versus feature richness, innovation versus interoperability, and research relevance versus technical excellence. All such considerations have their merits, and one should not be arbitrarily discarded over another without due attention. Therefore, a natural solution for this would be to develop a community-wide coherent framework to integrate these competing considerations into a productive environment. A coherent framework would be able to assist in alleviating many common problems in bioinformatics, such as i) the complexity of bioinformatics resources that keeps growing faster than available mechanisms to properly organise them, ii) standards that are developed and adopted in unstructured ways, iii) tools that are built for one area of research are not easily ported and used in research of a related area, and iv) communication gaps where research needs are not translated to relevant tool features.
The problems of competing considerations outlined above, and the evolution towards a common framework, are natural paths for most technologies as they grow to reach critical mass. All technologies experience these phenomena. Although not necessary explicitly articulated, all mature technologies have such frameworks in place. For example in the automotive industry, there is an implicit understanding regarding the components of an automobile, how they functionally inter-relate, which parties are responsible for developing which components, how the components will integrate to form an automobile, and how all components will be maintained post production. Note that different stakeholders in the automotive industry serve different functions, have different issues to manage, and use different approaches in their tasks. Not all parties agree on everything, and not all components following exactly the same standards. However, there is an implicit framework linking the functions of all components: from the raw minerals, to processed metals, to car parts to, to manufactured cars, to service stations, to car accessories, to transports logistics, and so forth. Ultimately, all these components operate in a synergistic and integrated way to service the needs of all stakeholders in the automotive industry. This is the automotive industry's implicit "framework". It is conjectured in this paper that the bioinformatics field have arrived at a point in its evolution where stakeholders should be participating in actively developing a similar shared framework. Although there have been some efforts in building frameworks in bioinformatics for specific functions such as workflows [12] , data semantics [10] , service descriptions [13] and tool generation and customisation [14] , a coherent community-wide framework covering all bioinformatics functions has yet to emerge.
This paper presents an analysis of the bioinformatics field to determine what is needed for a community-wide framework for organising bioinformatics functions and components. A Bioinformatics Reference Model is proposed as the basis for such a framework. A reference model [15, 16 ] is a template model that separates different functions and components into independently manageable components and layers. The reference model outlines the relationship between research usage and technical aspects of resources. It separates important functions into multiple structured layers, clarifies how they relate to each other, and highlights the gaps that need to be addressed. To achieve the aim of an efficient and effective body of resources, these gaps will need to be addressed.
The next sections will discuss the concept of a resource, and then analyse the current problems with diverse considerations in resource handling. The proposed reference model solution is presented following from this analysis. The paper concludes with a discussion on the issues related to the model, and the relevance of the model to developing bioinformatics support for life science research outcomes.
A REFERENCE MODEL FOR BIOINFORMATICS

Building a resource framework
In the area of bioinformatics, the term resource can refer to a variety of entities. Some common examples of resources include software programs, online tools, databases, datasets, documents, web servers, workstations, protocols and standards. To develop and organise such a vast body of resources is a complex task. The solution for such an undertaking may be found in the area of software engineering, where the primary concern is the development and organization of a vast complex body of software resources. One of the key developments in software engineering to tackle the complexity problem is the focus on architecture for large projects [16] [17] [18] . In particular, the area of computer networking have benefited significantly from the use of architectural ideas. Computer network development follows the concept of reference models. A networking reference model [15, 16, 19, 20] is a template specifying layers of components. Each layer is responsible for certain functions and issues, and it interacts with layers above and below them to produce a working networking environment. Similar to the automobile industry example described earlier, the benefits of such a model to the stakeholders is considerable. For example, network users today have a choice of which internet service provider to connect to, without needing to become involved in network programming, service exchanges, devices, and technicians all the other intricacies they are not suppose to be responsible for. This situation can provide useful lessons for bioinformatics. Equivalent structured frameworks can help the community organise and develop the informatics resources used for life-science research.
Principles of an effective model
To derive a reference model, we adapt the basic principles of effective architectural layering to some of the basic needs within the bioinformatics field. These adapted principles are given in Table 1 . [20] , and adapted in this paper for suitable use in bioinformatics.
The principles in Table 1 are the foundations to effectively managing a complex environment of diverse components with different functions. Components at each layer can concentrate on their functions, while interfacing with other components in the environment in a clearly structured way.
Bioinformatics stakeholders
The next step to developing an effective reference model is to determine how resource functions are to be separated. An analysis of stakeholders' needs can be invaluable in this regard. In bioinformatics, there are many different categories of stakeholders. Some examples are Life Science researchers, tool developers, technical support staff, and bioinformatics service providers. Below is a brief analysis of each of those categories.
The researchers principally view bioinformatics resources as parts of their scientific methods. Their priorities are research and analysis, and the resources are only means to an end. Their demands are therefore related to the functionality of the resources and how it fits into research steps. Researchers also demand quality in resources such as interface ease-of-use, reliability and accessibility, that will enable them to effectively and efficiently use the resources in scientific work.
The tool developers view bioinformatics resources as something they produce. They therefore have to know what the resources are composed of, what can be used to create the resources, and what researchers (users) want to do with the resources. Like the researchers, they are also concerned with functionality, ease-of-use, reliability and accessibility. But unlike researchers, they have demands for properties not related to usage, such as portability, testability and evolvability, since it impacts on their design, production and distribution work. Technical support staff deals with maintaining the applications in a form usable by the researchers. In that sense, they are not primarily interested in the functionality of the resources, but their maintainability, robustness and security.
Bioinformatics service providers need to manage and link resources with user needs. They are primarily interested in ensuring there is a supply of resources from tool developers, a market of demand from researcher users, and a team of staff who maintains the resources. They therefore partially share the demands of all of the stakeholders above. They also have additional interest in issues of ownership, authorship and price.
There are other categories of bioinformatics stakeholders than those described above. These include data curators, administrators, laboratory staff, vendors, educators, government agencies, policy makers, and so forth. However, for the purpose of analysis in this paper, an exhaustive review of all possible stakeholder categories is not necessary at this stage. There are already two very clearly recognisable views of bioinformatics resources from the description above. The first view, the Scientific View, is where research processes are of primary concern and bioinfomatics resources are secondary. The resources are of relevance only in support of research processes. The second view, the Technological View, is where resources are the primary objects of concern, and have issues that need to be dealt with in and of themselves. Fig. 1 shows some core components of these two views, and the relationship between the two views.
As depicted in Fig. 1 , there is a gap between the scientific and technological views of bioinformatics resources. The technologies in the technological view are not in a form that can be naturally linked to the processes in the scientific view. The gap is in the form of incompatible functions, operations, requirements and components. If this gap is left unaddressed, resources will either be built to be too technically-focus and lacking in scientific relevance, or they will be built with scientific functionalities but without the necessary technical qualities to operate sustainably and effectively. The gap needs to be addressed, as illustrated in Fig. 2 , by:
1. Integrating technologies into research relevant components, and 2. Delivering the components in an appropriate form for usage in research activities.
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FIGURE 2. Integrating Bioinformatics Resources
A Reference Model
The previous sections lead logically to the Bioinformatics Reference Model shown in Fig. 3 The following sections describe each layer.
Layer 3: Research
The functions adopted within this layer are the life science research functions. These functions are provided through research processes. Bioinformatics resources need to contribute to these processes. Some example research processes that most commonly involve bioinformatics include data analysis, annotation, curation, modelling and prediction.
Layer 2: Bioinformatics
The Bioinformatics layer contains all functions that need to support research functions in layer 3. This layer consists of the three sub-layers describe below.
Sub-layer: Service
The sub-layer is defined by functions that can directly provide support to research. The functions transform resources into research-service-ready forms. For a resource to be research-service-ready, it should at least have the following mandatory properties:
1. The resource has an identified name.
The resource performs an identified set of tasks. The tasks produces research-relevant outcomes.
The resource has an identified location and provider (ie. the resource's
users know how to get the resource). 4. The resource has an easily obtainable description, with information on items 1-3 above. 5. The resource has a usable interface to interact with the user.
The resource should also have the following desirable properties:
6. The resource has known levels of performance. It at least has specified levels of how reliable it is and how long it takes to conduct a standard task. 7. If the resource undergoes change, it has a clear description of difference between past and present versions, and difference in levels of performance. To be service-ready therefore requires tools and systems take on the above properties before being exposed to the researchers operating in layer 3. There may be other extra properties certain researchers or service providers may prefer to have, but the list of 7 above should be the bare minimum.
Sub-layer: Integration
In this sub-layer, the main function is to link and connect components to form integrated resources. The integrated resource is made up of many parts, taken from the Data & Tool sub-layer below it. The integrated resource combines each of these operational parts to produce something more relevant to the research activities in layer 3.
Examples The common ways to integrate stand-alone data and tools into useful systems for research include the following (note that not all of them are mutually exclusive -most systems uses a combination of some or all):
1. Interface integration: allow the user to interact with various tools using a until a single, coherent interface. Eg. web sites. With the growth of data and the needs for bioinformatics resources to assist in more complex tasks, it is expected that many other ways of integration will emerge.
Sub-layer: Data & Tools
In this sub-layer, the main functions are functions for specific bioinformatics tasks. Common examples of tool functions include molecular sequence searches, pair-wise and multiple sequence alignments, feature predictions, and phylogenetic analysis. Example of data functions includes storage of nucleotide and protein sequences, expressed sequence tags (ESTs), maps, mutations, enzymes, plasmids, organismspecific data, and literature references. The components that provide these functions are generally standalone tools and datasets. Components in Data & Tools are the basic building blocks of bioinformatics.
Tools can come in many forms. Currently the most common are programs directly installed and executed under a particular computing platform. Data sources are also stored in many different database platforms and formats. They generally require an interface tool to access or manipulate the data within them.
There is an important distinction between functions at this sub-layer, and the Integration sub-layer above this. Functions in this layer cannot be further decomposed into pieces that still produce results of life-science relevance. They are the lowest level in decomposing bioinformatics functions. It is proposed here that the Integration layer is kept separate from the Data & Tool layer for the reason that the bioinformatics field needs enough resources growing concurrently at both levels. If the emphasis is too heavily on providing standalone tools, then there will not be proper integrated systems that enable ever-more complex research activities. At the same time, if the emphasis is too much towards building integrated resources, it will mean at some stage components to use as parts for our integrations will be exhausted. There needs to be simultaneous development and evolution at both these levels to form a synergistic environment to feed off each other. A similar reason exists in keeping layer 2 separate from the layer 1 Infrastructure discussed in the following section.
Layer 1: Infrastructure
Functions in this layer do not contribute directly to life science research, but indirectly through higher layers. They are the building blocks used to build the components in the layer 2. Such infrastructure building blocks come in many forms and from many fields. They include functions like:
• Programming support, such as those provided by software libraries, web services, and development toolboxes; • Theoretical foundations, such as algorithms, computational frameworks and theories; • Analysis and statistical techniques from Mathematics and Statistics;
• Processing and storage through computers, operating systems, networks and storage devices.
• High-performance computing such as those from computational clusters, data federations, and grid resources.
DISCUSSION
The structuring of functions and components in the Bioinformatics Reference Model is based on the effective layering principles as outlined in Table 1 . The principles cover the necessary grouping and linking of functions, the appropriate use of sub-layers, and the proper planning for future changes. By keeping to these principles, the model is able to provide a framework for how to effectively develop and organise a complex set of resources. Components relate and interoperate in a defined way. Components are then free to be developed in any form or adopt any properties as long as they maintain the functional relationships. The roles of stakeholders to develop, organise and maintain the components are therefore also defined as a by-product.
The decision to have three layers in the reference model emerged naturally from the analysis of the field. Research components should never have to interface with Infrastructure components, and vice-versa. Bioinformatics components can act as appropriate intermediaries. The decision to further structure the three sub-layers in layer 2 also provide a clean way to organise bioinformatics resources: start with components providing basic tool and data functions, then linked them together to form integrated resources, and finally deliver through service components in service-ready form for use in research processes. However, this clean three sub-layers are not always practicable in the current environment (eg. integrated resources may need to access high-performance computing infrastructure resources directly rather than depending on tools to do it themselves). Therefore, the bioinformatics functions are kept as layer 2 sub-layers rather than as full layers.
The model construction also takes into account likely future changes and improvements to scientific processes, bioinformatics development, and available infrastructure. The functions in each layer can be re-designed without heavy impact to components in adjacent layers. However, the basic functional structure of the three layers is unlikely to change in the near future.
The major gaps that currently exist are mainly in the upper sub-layers of the Bioinformatics layer 2. There is an abundance of Data & Tool components, but a lot less effective integrated resources in the Integration sub-layer that takes basic data and tool components to cater directly to specific research processes. There is even less work in developing service functions as outlined in the Service sub-layer. These gaps will need to be addressed.
One of the natural downstream implications of the reference model is the development of a proper resource ontology, one that outlines what we need to define for our resources. Catalogues of bioinformatics resources can then be created. Ontology research is an integral part of the life sciences today with the emergence of key major projects such as the Gene Ontology [21] (http://www.geneontology.org/) and the Systems Biology Ontology (http://www.ebi.ac.uk/sbo/). However, these ontologies are biological ontologies used mainly as controlled vocabularies for data annotations, and are not resource ontologies. Developments in bioinformatics resource ontologies have begun to emerge in recent years in projects such as myGrid [13] and the defunct TAMBIS (Transparent Access to Multiple Bioinformatics Information Sources) Ontology [22, 23] . Developments such as these, integrated with more generic online resource frameworks such as the World-Wide-Web Consortium's (W3C) projects into resource description and resource discovery standards (http://www.w3.org/RDF/), are important progress towards proper bioinformatics resource ontologies. However, before dealing with ontology design and implementation issues, the role and function of ontologies to the whole bioinformatics environment has to be clarified. The development of frameworks such the reference model presented in this paper is an essential step in that evolution.
CONCLUSION
This paper deals with the problems of bioinformatics resource development and organisation. Without proper coordination, it is difficult to properly balance the competing needs of different stakeholders in bioinformatics resources. This paper presents a reference model for such a purpose. The reference model outlines the functional relationship between research usage and technical aspects of resources. It separates important functions and components of into multiple structured layers, and it allows a synergistic and sustainable growth in the body of bioinformatics resources. The model has wide-ranging benefits to increasing productivity in scientific research. For example, there is a clear definition of what functions a researcher, bioinformatics service provider, and software developer are responsible for. This reduces duplication and allows the different stakeholders to concentrate on their primary functions. Another example of benefit is when developing a software system, it is clear how to architect its different functions (eg. service interface, data processing, integration, computation and storage functions, etc). All these benefits emerge from a clear framework outlining how to organize and develop bioinformatics resources.
There are many issues yet to be resolved in the community-wide development and organization of bioinformatics resources. The Bioinformatics Reference Model may serve as a starting point for open discussions as we progress towards a diverse, manageable, and sustainable body of resources.
